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LONG-WAVELENGTH PHOTONIC DEVICE 
WITH GAASSB QUANTUM-WELL LAYER 

BACKGROUND OF THE INVENTION 

Photonic devices include semiconductor lasers, e.g., ver 
tical cavity surface-emitting lasers (VCSELs) and edge 
emitting lasers (EELs), and semiconductor light-emitting 
diodes (LEDs). Applications for photonic devices are many 
and include optical communications, optical measuring 
instruments and optical storage devices. 

Photonic devices that generate long-Wavelength infra-red 
light are of great interest in the optical communications 
industry since existing optical ?bers have a relatively loW 
loss in this Wavelength range. Wavelengths in the Wave 
length range that extends from about 1.5 to about 1.6 
micrometers (um), commonly referred to as the 1.55 pm 
Wavelength range, are typically used in optical communi 
cations applications, since semiconductor lasers and other 
components that operate in this Wavelength range are rela 
tively loW in cost and are Widely available. HoWever, optical 
?bers have a loWer optical dispersion in a Wavelength range 
that extends from about 1.25 pm to about 1.35 pm, com 
monly referred to as the 1.3 pm Wavelength range. This 
Wavelength range is less commonly used for optical com 
munications because lasers that operate in this Wavelength 
range are based on an indium phosphide (InP) substrate and 
so are substantially more expensive that lasers based on a 

gallium arsenide (GaAs) substrate. Moreover, it is dif?cult to 
make VCSELS that operate in the 1.3 pm Wavelength range 
due to the lack of suitable mirror materials compatible With 
InP. 

The active layer of a photonic device is the layer in Which 
electrons and holes combine to generate light. Although it is 
possible to make photonic devices With a homogeneous 
active layer, an active layer that includes a quantum-Well 
structure provides the photonic device With a loWer thresh 
old current, a higher efficiency and a greater ?exibility in 
choice of emission Wavelength. 
A quantum-Well structure is composed of at least one (n) 

quantum-Well layer interleaved With a corresponding num 
ber (n+1) of barrier layers. Each of the quantum Well layers 
has a thickness in the range from about one nanometer to 
about ten nanometers. The barrier layers are typically thicker 
than the quantum Well layers. The semiconductor materials 
of the layers of the quantum-Well structure depend on the 
desired emission Wavelength of the photonic device. The 
semiconductor material of the barrier layers differs from that 
of the quantum-Well layer, and has a larger bandgap energy 
and a loWer refractive index than that of the quantum Well 
layer. 

The active layer is composed of the quantum-Well struc 
ture sandWiched betWeen tWo cladding layers. The semicon 
ductor materials constituting the quantum-Well structure are 
typically undoped. One of the cladding layers is doped 
n-type, the other of the cladding layers is doped p-type. 
Thus, the active layer has a p-i-n structure. 
A quantum-Well structure composed of gallium arsenide 

antimonide (GaAsSb) quantum-Well layers With gallium 
arsenide (GaAs) barrier layers has been proposed for the 
active region of VCSELS structured to generate light With a 
Wavelength of 1.3 pm. FIG. 1 is an energy-band diagram of 
an exemplary active layer 10 incorporating such a quantum 
Well structure having one quantum-Well layer. Band energy 
is plotted as ordinate and distance from the substrate is 
plotted as abscissa. 
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2 
The active layer 10 is composed of the substrate-side 

cladding layer 12, the substrate-side barrier layer 14 of 
GaAs, the quantum-Well layer 16 of GaAsSb, the remote 
side barrier layer 18 of GaAs and the remote-side cladding 
layer 20. The energy-band diagram of FIG. 1 shoWs the 
energies of the conduction band 22 and the valence band 24 
of the semiconductor material of each of the layers just 
described. 

The quantum-Well structure composed of the barrier lay 
ers 14 and 18 of GaAs and the quantum-Well layer 16 of 
GaAsSb has What is knoWn as a Type II heterostructure. In 
a Type II heterostructure, the energy of the valance band 24 
of the GaAsSb of the quantum-Well layer 16 is greater than 
the energy of the valance band of the GaAs of the barrier 
layers 14 and 18 and the energy of the conduction band 22 
of the GaAsSb of the quantum-Well layer is also greater than 
the energy of the conduction band of the GaAs of the barrier 
layers. 
The line-up of the band energies in a quantum-Well 

structure having a Type II heterostructure con?nes electrons 
26 to the conduction band 22 of the barrier layers 14 and 18 
and con?nes holes 28 to the valance band 24 of the quantum 
Well layer 16. As a result, the electron-hole recombination 
process occurs betWeen carriers con?ned in physically 
different layers and is called spatially indirect. An active 
layer incorporating a quantum-Well structure having a Type 
II heterostructure can emit and absorb photons With energies 
Well beloW the bandgap energy of the material of either the 
quantum-Well layer or the barrier layers. Photonic devices 
incorporating such an active layer operate at Wavelengths 
much longer than those corresponding to the bandgap ener 
gies of the materials of the quantum-Well structure. 
HoWever, active layers incorporating a quantum-Well struc 
ture having a Type-II heterostructure have a relatively loW 
gain due to the loW overlap betWeen the electron and hole 
Wave functions. 

Another disadvantage of active layers incorporating a 
quantum-Well structure having a Type II heterostructure is 
that edge-emitting lasers incorporating such an active layer 
have a threshold current density that depends on the device 
dimensions and an operating Wavelength that depends on the 
operating current. These variations in threshold current 
density and operating Wavelength can lead to problems in 
lasers used in optical communications applications Where 
channel spacings of a feW hundred GHZ impose strict 
Wavelength stability requirements. 

In addition, for the active region to generate light at 1.3 
pm, the GaAsSb of the quantum-Well layer 16 has an 
antimony (Sb) fraction of about 0.35, i.e., x=~0.35 in 
GaAs1_xSbx. With this antimony fraction, the GaAsSb has a 
lattice constant substantially larger than that of GaAs, so that 
the quantum-Well layer is under substantial compressive 
strain When groWn on GaAs. It is therefore difficult to 
fabricate active regions having more than one or tWo quan 
tum Wells Without an unacceptably high defect density 
occurring as a result of relaxation of the strain. Barrier layers 
of GaAs are incapable of providing strain compensation for 
quantum-Well layers of GaAsSb groWn on a substrate of 
GaAs. 

An alternative quantum-Well structure that has been pro 
posed for the active region of VCSELs structured to generate 
light at 1.3 pm is composed of gallium arsenide antimonide 
(GaAsSb) quantum-Well layers With aluminum gallium ars 
enide (AlGaAs) barrier layers. FIG. 2 is an energy-band 
diagram of an exemplary active layer 40 incorporating such 
a quantum-Well structure having one quantum-Well layer. As 
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in the energy-band diagram of FIG. 1, band energy is plotted 
as ordinate and distance from the substrate is plotted as 
abscissa. 

The active layer 40 is composed of the substrate-side 
cladding layer 42, the substrate-side barrier layer 44 of 
AlGaAs, the quantum-Well layer 46 of GaAsSb, the remote 
side barrier layer 48 of AlGaAs and the remote-side cladding 
layer 50. The energy-band diagram shoWs the energies of the 
conduction band 22 and the valence band 24 of the semi 
conductor materials of the layers just described. 

The active layer composed of the barrier layers 44 and 48 
of AlGaAs and the quantum-Well layer 46 of GaAsSb has 
What is knoWn as a Type I heterostructure. In a Type I 
heterostructure composed of GaAsSb and AlGaAs, the 
energy of the valance band 24 of the GaAsSb of the 
quantum-Well layer 46 is greater than the energy of the 
valance band of the AlGaAs of the barrier layers 44 and 48, 
but the energy of the conduction band 22 of the GaAsSb of 
the quantum-Well layer is less than the energy of the 
conduction band of the AlGaAs of the barrier layers. 

The line-up of the band energies in a quantum-Well 
structure having a Type I heterostructure con?nes electrons 
56 to the conduction band 22 of the quantum-Well layer 46 
and con?nes holes 58 to the valance band 24 of the quantum 
Well layer 46. As a result, the electron-hole recombination 
process takes place betWeen carriers con?ned in the same 
layer, a recombination process called spatially direct, and the 
gain of the active region 40 can be substantially higher than 
that of the active region 10 shoWn in FIG. 1. Additionally, 
the threshold current density and operating Wavelength of 
photonic devices incorporating active regions With a 
quantum-Well structure having a Type I heterostructure have 
little dependence on the device dimensions and operating 
current, respectively. 

HoWever, the high reactivity of the aluminum in the 
AlGaAs of the barrier layers 44 and 48 makes the active 
layer 40 dif?cult to fabricate With good crystalline quality, 
high optical quality and high operational reliability consis 
tent With the groWth requirements of GaAsSb. 

Moreover, for the active region to generate light at 1.3 pm, 
the GaAsSb of the quantum-Well layer 46 has an antimony 
(Sb) fraction of about 0.35, i.e., X=~0.35 in GaAs1_xSbx. It 
is desirable that the quantum-Well structure provide an 
electron con?nement of at least 4—5 kT (Where k is BoltZ 
mann’s constant and T is the temperature in Kelvin) to 
reduce carrier leakage over the heterojunction energy bar 
riers at room temperature. Providing the desired electron 
con?nement With an Sb fraction of about 0.35 in the GaAsSb 
of the quantum Well layer 46 requires an Al fraction of about 
0.25 or more, i.e., 220.25 in AlZGa1_ZAs, in the AlGaAs of 
the barrier layers 44 and 48. 
Antimony has a loW equilibrium vapor pressure over 

GaAsSb, and GaAsSb has a loW melting point and, hence, 
a loW thermodynamic stability temperature. Consequently, 
the GaAsSb quantum-Well layer 46 has to be groWn at a 
groWth temperature about 100° C. loWer than the groWth 
temperatures at Which AlGaAs and GaAs are conventionally 
groWn. Moreover, the thermodynamic stability of the 
Ga—As bond is loW and the Sb species has a loW volatility. 
Consequently, the GaAsSb quantum-Well layer is also epi 
taXially groWn With a very loW V/III ratio and a loW As/Ga 
ratio. The loW As over-pressure and the loW groWth tem 
peratures are detrimental to the crystalline quality of the 
AlGaAs barrier layers. Under these conditions, the high 
reactivity of the aluminum of the barrier layers 44 and 48 
results in the AlGaAs of the barrier layers incorporating 
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4 
carbon and oXygen from the MOCVD precursors. These 
impurities act as a non-radiative recombination centers and 
additionally impair the long-term reliability of the photonic 
device. The carbon incorporated in the AlGaAs of the barrier 
layers 44 and 48 increases the background p-type doping 
level and leads to high free carrier absorption. This results in 
increased optical losses and a correspondingly increased 
threshold current density. 

Finally, since AlGaAs has substantially the same lattice 
constant as GaAs, barrier layers of AlGaAs lack the ability 
to provide strain compensation betWeen the GaAsSb of the 
quantum-Well layer and the GaAs of the substrate. This 
limits the number of quantum-Well layers that can be 
included in the quantum-Well structure Without an unaccept 
ably high density of defects. 

Thus, What is needed is an active region for long 
Wavelength photonic devices that provides such photonic 
devices With a loW threshold current, a stable operating 
Wavelength and a high quantum ef?ciency. In particular, 
What is needed is an active region having a Type I hetero 
structure in combination With a high gain, a high optical 
transparency, a loW free carrier loss and a loW density of 
non-radiative recombination centers. The materials consti 
tuting the active layer should have conduction and valence 
band offsets large enough to prevent carrier leakage under 
high current drive conditions. The active region should be 
capable of generating light in the 1.3 pm Wavelength range 
and be substantially lattice matched to a GaAs substrate. 

SUMMARY OF THE INVENTION 

The invention provides a long-Wavelength photonic 
device that comprises an active region that includes at least 
one quantum-Well layer of a quantum-Well layer material 
that comprises InyGa1_yAsSb in Which yZO, and that addi 
tionally includes a corresponding number of barrier layers 
each of a barrier layer material that includes gallium and 
phosphorus. The barrier layer material has a conduction 
band energy level greater than the conduction-band energy 
level of the quantum-Well layer material and has a valence 
band energy level less than the valence-band energy level of 
the quantum-Well layer material. 
As a result of the relationships betWeen the band energy 

levels, the active layer includes a Type I heterostructure in 
Which both holes and electrons are con?ned in the quantum 
Well layer and the hole-electron recombinations are spatially 
direct. As a result, the photonic device has a high gain, a high 
quantum ef?ciency and a loW threshold current. The photo 
nic device generates long-Wavelength light at a Wavelength 
that is substantially independent of temperature and operat 
ing current. Moreover, a barrier layer material containing 
phosphorus can be groWn With a high V/III ratio Without the 
risk of damaging the surface of the quantum-Well layer, thus 
ensuring sharp, Well-de?ned interfaces betWeen the 
quantum-Well layer and the barrier layers. Finally, barrier 
layer materials that include In and P are capable of providing 
strain compensation betWeen the quantum-Well layers and 
substrates of GaAs or InP. This enables quantum-Well struc 
tures that include multiple quantum-Well layers to have a 
loW density of defects. 

Other systems, methods, features, and advantages of the 
present invention Will be or become apparent to one With 
skill in the art upon examination of the folloWing draWings 
and detailed description. It is intended that all such addi 
tional systems, methods, features, and advantages be 
included Within this description, be Within the scope of the 
present invention, and be protected by the accompanying 
claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The invention can be better understood with reference to 
the following drawings. The elements in the drawings are 
not necessarily to scale, emphasis instead being placed upon 
clearly illustrating the principles of the invention. 

FIG. 1 is an energy-band diagram of an active region 
having a conventional Type II heterostructure. 

FIG. 2 is an energy-band diagram of an active region 
having a conventional Type I heterostructure. 

FIG. 3A is a schematic side view of part of an embodi 
ment of a photonic device according to the invention. 

FIG. 3B is an energy-band diagram of the active region 
shown in FIG. 3A. 

FIG. 4 is an energy-band diagram that shows the energy 
levels of the conduction band and the valence band of 
GaAsSb, GaAs and InGaP. 

FIG. 5 is a side view of an embodiment of a photonic 
device according to the invention that is a vertical-cavity 
surface-emitting laser. 

FIG. 6 is an isometric view of an embodiment of a 
photonic device according to the invention that is an edge 
emitting laser. 

FIG. 7 is a side view showing part of a practical eXample 
of a layer structure from which an edge-emitting laser, as an 
eXample of a photonic device according to the invention, can 
be fabricated. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The invention will now be described with reference to the 
drawings, in which like reference numerals indicate corre 
sponding elements throughout the several views. 

FIG. 3A is a schematic side view of part of an embodi 
ment 100 of a photonic device according to the invention. 
The photonic device 100 includes the substrate 102 and the 
active layer 104. The active layer includes the quantum-well 
structure 106 sandwiched between the substrate-side clad 
ding layer 112 and the remote-side cladding layer 120. The 
quantum-well structure is composed of the quantum-well 
layer 116 sandwiched between the substrate-side barrier 
layer 114 and the remote-side barrier layer 118. 

In the quantum-well structure 106, the quantum-well 
layer 116 is a layer of quantum-well layer material that 
includes gallium arsenide antimonide. The quantum-well 
layer has a thickness in the range from about 1 nm to about 
10 nm. 

The antimony fraction in the gallium arsenide antimonide 
of the quantum-well layer material of the quantum-well 
layer 116, i.e., the value of X in GaAs1_xSbx, is set to give a 
bandgap energy that corresponds to the desired operating 
wavelength. An antimony fraction of about 0.35 gives a 
bandgap energy of about 0.94 electron Volts (eV), corre 
sponding to an operating wavelength of 1.3 pm, whereas an 
antimony fraction of about 0.49 gives a bandgap energy of 
about 0.78 eV, corresponding to an operating wavelength of 
1.55 pm. GaAsSb having an antimony fraction of about 0.35 
has a lattice constant of about 0.580 nm, whereas GaAsSb 
having an antimony fraction of about 0.49 has a lattice 
constant of about 0.585 nm. The precise antimony fractions 
that give the bandgap energies corresponding to operating 
wavelengths of 1.3 pm and 1.55 pm additionally depend on 
the width of the quantum well. 

Operating wavelengths different from those cited above 
can be provided by setting the value of the antimony 
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6 
fraction, X, to the appropriate value. For eXample, the 
antimony fractions different from those just described can be 
used to set the operating wavelength to any wavelength in 
the above-described 1.3 pm wavelength range or in the 
above-described 1.55 pm wavelength range. 

In the quantum-well structure 106, the barrier layers 114 
and 118 are each a layer of a barrier layer material. The 
barrier layer material is a Group III—V semiconductor that 
includes gallium and phosphorus. The barrier layer material 
has a conduction-band energy level greater than the 
conduction-band energy level of the quantum-well layer 
material and has a valence-band energy level less than the 
valence-band energy level of the quantum-well layer mate 
rial. Each barrier layer has a thickness in the range from 
about 1 nm to about 40 nm. 

The substrate-side cladding layer 112 and the remote-side 
cladding layer 120 are layers of aluminum gallium arsenide 
(AlGaAs) with an aluminum fraction in the range from 
about 0.2 to about 0.8, i.e., ~0.2§X§~0.8 in AlxGa1_xAs. A 
typical value of X is about 0.4. The cladding layers each have 
a minimum thickness corresponding to one wavelength of 
the light generated in the quantum-well structure 106 in the 
material of the cladding layer, i.e., tc=)\./Ilc, where tC is the 
thickness of the cladding layer, A is the wavelength of the 
light generated in the quantum-well structure and nC is the 
refractive indeX of the AlGaAs of the cladding layer. The 
cladding layers are doped to have opposite conductivity 
types. Typically, the substrate-side cladding layer 112 is 
doped n-type and the remote-side cladding layer 120 is 
doped p-type, although the cladding layers may be oppo 
sitely doped. 

FIG. 3B is an energy-band diagram of the active region 
104 in which the above-stated relationships between the 
conduction-band energy levels of the barrier layer material 
and the quantum-well layer material and between the 
valence-band energy levels of the barrier layer material and 
the quantum-well layer material apply. As a result of the 
relationships between the band energy levels, the quantum 
well structure 106 has a Type I heterostructure. Since both 
holes and electrons are con?ned in the quantum-well layer 
116, the hole-electron recombinations are spatially direct. As 
a result, the photonic device 100 has a high gain, a high 
quantum efficiency and a low threshold current and gener 
ates light at a wavelength that is substantially independent of 
temperature and operating current. These properties are 
highly desirable in a photonic device. 

FIG. 4 illustrates the suitability of indium gallium phos 
phide as the barrier layer material. FIG. 4 is an energy 
diagram 200 that shows the energy levels of the conduction 
band and the valence band of GaAsSb, GaAs, InyGa1_yP and 
the eXtremes of InyGa1_yP at y=0 (Gap) and y=1 (InP). A 
conduction-band energy level and a valance-band energy 
level are shown for each material. Near each energy-band 
level, a number indicates a relative energy-band level in 
electron Volts (eV). Each number is preceded by a letter C 
or a letter V. The letter C indicates that the number is a 
conduction-band energy level, whereas the letter V indicates 
that the number is a valence-band energy level. The refer 
ence level to which the relative energy-band levels are 
referenced is that of the valance band of aluminum arsenide 

In other words, Zero on the ordinate of the energy 
diagram 200 corresponds to the energy-band level of the 
valance band of AlAs. 

The energy diagram 200 shows the energy level 202 of the 
conduction band and the energy level 204 of the valance 
band of the quantum-well layer material GaAs1_xSbx in 
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Which X=0.49. The energy diagram additionally shows the 
energy level 206 of the conduction band and the energy level 
208 of the valance band of GaAs, for reference. 

It should be noted that the energy levels shown in FIG. 4 
are energy-band levels for the materials in an unstrained 
state. JuXtaposed layers of materials having different lattice 
constants are subject to strain that changes the energy-band 
levels of the materials relative to the energy-band levels in 
the unstrained state. For example, GaAsSb groWn on GaAs 
is subject to compressive strain that increases the energy 
level of the conduction band of the GaAsSb. Accordingly, 
GaAsSb groWn on GaAs has the Type II band alignrnent 
shoWn in FIG. 1, Whereas the unstrained-state energy-band 
level shoWn in FIG. 4 for unstrained GaAsSb indicates that 
these materials Would have a Type I band alignment. 

The inventors have been unable to ?nd reliable energy 
band level information for the quanturn-Well layer rnaterial 
GaAs1_xSbx in Which X=0.35, i.e., the form of GaAsSb 
suitable for use in photonic devices operating at about 1.3 
urn. HoWever, FIG. 4 shoWs at 210 a Worst-case conduction 
band energy level for GaAsSb having an antirnony fraction 
of 0.35. This Worst-case conduction-band energy level is 
based on the assumption that the increase in bandgap energy 
from 0.8 eV to 0.94 eV is all the result of an increase in the 
conduction-band energy level. 

The energy diagrarn 200 also shoWs the energy-band 
levels of the conduction band and the valence band of InGaP 
and of the extremes of InGaP at GaP and InP. InGaP-having 
an indiurn fraction y betWeen an upper threshold level and 
a loWer threshold level is potentially suitable for use as the 
barrier material from Which the barrier layers 114 and 118 
are fabricated. GaP has a valance-band energy level 212 of 
about 0.29 eV and InP has a valence-band energy level 214 
of about 0.20 eV. The valence-band energy level of InGaP 
With any In fraction is therefore less than the valence-band 
energy level of GaAsSb. Consequently, InGaP With any In 
fraction meets the above-stated criterion that the barrier 
layer material has a valence-band energy level less than the 
valence-band energy level of the quanturn-Well layer mate 
rial. 

The conduction-band energy level 216 of GaP is about 
2.55 eV Whereas the conduction-band energy level 218 of 
InP is about 1.52 eV. Thus, the conduction-band energy level 
of GaP is greater than the conduction-band energy level 202 
or 210 of the quanturn-Well layer rnaterial, Whereas the 
conduction-band energy level of InP is less than that of the 
quanturn-Well layer rnaterial. Accordingly, only InGaP With 
an In fraction less than a upper threshold level has a 
conduction-band energy level greater than the conduction 
band energy level of the quanturn-Well layer material, and 
therefore meets the above-stated criterion that the barrier 
layer material have a conduction-band energy level greater 
than the conduction-band energy level of the quanturn-Well 
layer material. The upper threshold level of the In fraction 
depends on the operating Wavelength of the photonic device 
100, and is greater toWards longer operating Wavelengths. 
The upper threshold level is about 0.75 for an operating 
Wavelength of 1.3 urn and is about 0.85 for an operating 
Wavelength of 1.55 urn. The upper threshold level for other 
operating Wavelengths in the 1.3 urn Wavelength range and 
the 1.55 urn Wavelength range Will be apparent to a person 
of ordinary skill in the art. 

Indirect recombination of the electrons and holes occurs 
in GaP and in InGaP in Which the In fraction is less than a 
loWer threshold level. In ternary InGaP, the loWer threshold 
level is about 0.25. Since indirect recombination is 
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8 
undesirable, the InGaP of the barrier layer material should 
have an In fraction betWeen the upper threshold level and the 
loWer threshold level, i.e., in InyGa1_yP, ~0.25§y§~0.75 at 
about 1.3 urn and ~0.25§y§~0.85 at about 1.55 urn. 

FIG. 4 shoWs an example of InyGa1_yP having a 
conduction-band energy level 220 part-Way betWeen the 
conduction-band energy levels of GaP and InP, and a 
valence-band energy level 222 part-Way betWeen the 
valence-band energy levels of GaP and InP. 

The lattice constant of GaP is less than the lattice con 
stants of GaAsSb, GaAs and InP. Accordingly, InGaP having 
an indiurn fraction y less than a third threshold can provide 
strain cornpensation betWeen the quanturn-Well layer 116 
and the substrate 102 When the substrate material is GaAs or 
InP. This enables the quanturn-Well structure 106 to include 
multiple quanturn-Well layers With an acceptably-loW level 
of defects. Providing strain cornpensation imposes a further 
constraint on the above-mentioned ranges of the indiurn 
fraction y. 

InyGa1_yP is lattice matched to GaAs When the indiurn 
fraction y is about 0.5. Accordingly, InyGa1_yP in Which y is 
less than about 0.5 Will provide strain cornpensation 
betWeen GaAsSb and a GaAs substrate. When the material 
of the substrate is InP, InyGa1_yP With any In fraction Will 
provide strain cornpensation. 

Using InGaP having an In fraction that provides a 
conduction-band energy level greater than that of the 
quanturn-Well layer material of the quantum layer 116 as the 
barrier layer rnaterial confers additional advantages. Using a 
barrier layer material containing phosphorus rather than one 
containing arsenic stabiliZes the quanturn-Well layer mate 
rial of the quanturn-Well layer. As a result, the interfaces 
betWeen the quanturn-Well layer and the barrier layers are 
sharper and better de?ned When the layers are groWn using 
rnetalorganic chemical vapor deposition (MOCVD). When 
the remote barrier layer is grown from a barrier layer 
material containing arsenic, some of the As atoms of the 
barrier layer rnaterial tend to replace some of the Sb atoms 
in the GaAsSb quanturn-Well layer material of the quantum 
Well layer because of the extremely loW Gibbs free energy 
of the Group III-As bond. Replacing Sb atoms with As 
atorns decreases the sharpness of the interface. The Group 
III-P bond has a higher Gibbs free energy so that, When the 
remote barrier layer 118 is grown from a barrier layer 
material contains phosphorus, substantially feWer P atorns 
replace the Sb atoms in the quanturn-Well layer rnaterial. 
Consequently, barrier layers of barrier layer rnaterials con 
taining phosphorus can be groWn With high V/III ratios 
Without the risk of damaging the surface of the quantum 
Well layer and decreasing the sharpness of the interface 
betWeen the layers. 

The invention has been described With reference to a 
speci?c example in Which the quanturn-Well layer rnaterial 
constituting the quanturn-Well layer 116 includes GaAsSb. 
HoWever, the quanturn-Well layer material may additionally 
include indiurn. Thus, in a photonic device according to the 
invention, the quanturn-Well layer material includes indiurn 
gallium arsenide antirnonide in Which the indiurn fraction is 
equal to or greater than Zero, i.e., InyGa1_yAsSb in Which 
yiO. 
The inventors believe that adding In to the quanturn-Well 

layer rnaterial increases reliability and improves the quality 
of the interface betWeen the quanturn-Well layer and the 
barrier layers. It is thought that these improvements are the 
result of the Gibbs free energy of formation of InGaAsSb 
being different from that of GaAsSb. Speci?cally, it is 
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thought that the bond between In and Sb is stronger than that 
betWeen Ga and Sb, so the tendency of As atoms to replace 
Sb atoms When the barrier layer is grown is less When the 
quantum-Well layer material includes In. Moreover, includ 
ing In in the materials on both sides of the interface may also 
improve the sharpness of the interface by reducing the 
tendency of In from the barrier layers to migrate into the 
quantum-Well layer. Moreover, GaAsSb is difficult to groW 
With a high fraction of Sb due to the difficulty of incorpo 
rating the Sb. Including In in the quantum-Well layer mate 
rial enables the same bandgap reduction to be obtained With 
a loWer fraction of Sb. 

The invention has been described With reference to an 
example in Which the barrier layer material constituting the 
barrier layers 114 and 115 includes InyGa1_yP in Which the 
indium fraction y is betWeen an upper threshold value and a 
loWer threshold value. HoWever, other semiconductor mate 
rials may be used as the barrier layer material from Which 
the barrier layers 114 and 118 are fabricated. Examples 
include InyGa1_yAsP in Which the indium fraction y is 
betWeen an upper threshold level and a loWer threshold 
level, AlZInyGa1_y_ZP in Which the indium fraction y is 
betWeen an upper threshold level and a loWer threshold level 
greater than Zero and less than a threshold level and 

AlZInyGa1_y_ZAsP. 
When InyGa1_yAs1_xSbx is used as the quantum layer 

material, a suitable barrier layer material is AlZIny 
Ga1_y_ZAsaPbSb1_a_b, although others of the above 
mentioned barrier layer materials may alternatively be used. 
Some of the barrier layer materials Will noW be described 

in more detail. 

InyGa1_yAs1_aPa in Which the indium fraction y is equal to 
or greater than Zero and is less than an upper threshold level. 
The phosphorus fraction, a, of the InyGa1_yAs1_aPa barrier 
layer material is greater than the level beloW Which the 
barrier layer and the quantum-Well layer do not form a Type 
I heterostructure and is less than the level above Which 
indirect recombination occurs. The range of the P fraction 
that meets these criteria depends on the In fraction. The 
range additionally depends on the strain in the GaAsSb of 
the quantum-Well layer that, in turn, depends on the com 
position of the barrier layer material, including the P fraction 
a. Barrier layers of InyGa1_yAs1_aPa are also capable of 
providing strain compensation betWeen the quantum-Well 
layer 116 and a substrate 102 of either GaAs or InP. 

AlZInyGa1_x_yP. The quantum-Well structure 104 has a 
Type-I heterostructure With this barrier layer material. The 
inclusion of aluminum in any of the above-mentioned bar 
rier layer materials provides additional options for formu 
lating a barrier layer material that meets the above-described 
energy level criteria for forming a Type-I heterostructure, 
and that additionally provides direct recombination and 
strain compensation. AlZInyGa1_x_yP gives better carrier con 
?nement than InGaP due to its Wider bandgap. Moreover, in 
AlZInyGa1_x_yP, the tendency for P atoms to replace Sb atoms 
on the exposed surface of the quantum-Well layer is rela 
tively Weak, so that AlZInyGa1_x_yP can be groWn at the high 
V/III ratios that are typically used to obtain high-quality 
Al-containing layers. 

AlxInyGa1_x_yAs1_a_bPaSbb. As noted above, the quantum 
Well layer material may additionally include In. AlxIn 
Ga1_x_yAs1_a_bPaSbb is a barrier layer material suitable for 
use When the quantum-Well layer material is InGaAsSb. 
AlxInyGa1_x_yAs1_a_bPaSbb has the advantage that it can be 
groWn With a high V/III ratio, Which improves the crystalline 
quality of the barrier layers. 
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10 
With all of the material systems described above, energy 

band diagrams similar to FIG. 4 can be used to determine 
constraints on the ranges of the fractions of the constituent 
elements that result in the quantum-Well structure 104 
having a Type-I heterostructure. Data characteriZing the 
variation of lattice constant With composition may addition 
ally be used to further constrain the fractions of the con 
stituent elements to those that provide strain compensation 
betWeen the quantum-Well layer and the substrate. 
As Will be described in detail beloW, the photonic device 

100 may also include one or more additional layers sand 
Wiched betWeen the substrate 102 and the substrate-side 
cladding layer 112. Additionally or alternatively, the photo 
nic device 100 may also include one or more additional 
layers on the remote cladding layer 120. 

In the example shoWn, the quantum-Well structure 106 is 
composed of the single quantum-Well layer 116 sandWiched 
betWeen the substrate-side barrier layer 114 and the remote 
side barrier layer 118. HoWever, the gain of the photonic 
device 100 may be increased by structuring the quantum 
Well structure to include tWo quantum-Well layers inter 
leaved With three barrier layers, and may be further 
increased by structuring the quantum-Well structure to 
include n quantum-Well layers (n>2) interleaved With n+1 
barrier layers. The strain compensation provided betWeen 
the quantum-Well layer 116 and the material of the substrate 
102 by many of the barrier layer materials described above 
enables a quantum-Well structure that includes many 
quantum-Well layers to be fabricated With an acceptably-loW 
density of defects, notWithstanding the lattice mismatch 
betWeen the GaAsSb or InGaAsSb of the quantum-Well 
layers and the semiconductor material of the substrate 102. 

Additional embodiments, namely, a vertical-cavity, 
surface-emitting laser (VCSEL) and an edge-emitting laser 
(EEL), of a photonic device according to the invention 
operating at a Wavelength of about 1.3 pm Will noW be 
described With reference to FIGS. 5 and 6, respectively. 
Turning ?rst to FIG. 5, the VCSEL 300 is composed of the 
substrate-side distributed Bragg re?ector (DBR) 330, the 
active layer 104 and the remote-side DBR 332, epitaxially 
groWn, in order, on the substrate 302. In a preferred 
embodiment, the semiconductor material of the substrate is 
single-crystal gallium arsenide. 

Each of the DBRs 330 and 332 is composed of multiple 
layer pairs. Each layer pair is composed of a layer of a high 
refractive index material and a layer of a loW refractive 
index material. The materials of the layers are optically 
transparent at the Wavelength of the light generated in the 
active region 104. Exemplary layer 334 of higher refractive 
index material and layer 336 of loWer refractive index 
material constituting an exemplary layer pair of the 
substrate-side DBR 330 are shoWn. Each layer has a thick 
ness equal to one-quarter of the Wavelength of the light 
generated in the active region 104 in the material of the 
layer, i.e., tb=>\,/4Ilb, Where tb is the thickness of the layer, 9» 
is the in vacuo Wavelength of the light generated in the 
active region and nb is the refractive index of the material of 
the layer. 

In the example shoWn, both DBR 330 and 332 are 
electrically conductive, at least in part, and are therefore 
fabricated of doped semiconductor materials. In embodi 
ments incorporating non-conductive DBRs, such DBRs may 
be fabricated from dielectric materials. Also in the example 
shoWn, the loWer refractive index semiconductor material of 
layer 336 is aluminum gallium arsenide and the higher 
refractive index semiconductor material of layer 334 is 



US 6,711,195 B2 
11 

gallium arsenide. The number of layer pairs shown in FIG. 
5 is substantially reduced to simplify the drawing: in a 
practical laser, the number of layer pairs is suf?cient to 
provide the substrate-side DBR 330 and the remote-side 
DBR 332 With a re?ectivity of greater than about 99% and 
of about 95%, respectively, at the Wavelength of the light 
generated in the active region 104. Also, in addition to the 
layer pairs, each of the DBRs is composed of an additional 
layer of loW refractive index material. 

The semiconductor materials of the DBRs 330 and 332 
are doped to have opposite conductivity types. Typically, the 
semiconductor materials of the substrate-side DBR 330 are 
doped n-type and those of the remote-side DBR 332 are 
doped p-type, although the semiconductor materials of the 
DBRs may be oppositely doped. 

The active layer 104 is sandWiched betWeen the substrate 
side DBR 330 and the remote-side DBR 332. The DBRs and 
the active layer form the optical cavity 350 that is resonant 
at the Wavelength of the light generated in the active layer 
104. As described above With reference to FIG. 3A, the 
active layer 104 is composed of the quantum-Well structure 
106 sandWiched betWeen the substrate cladding layer 112 
and the remote-side cladding layer 120. The cladding layers 
112 and 120 are doped to have the same conductivity type 
as the adjacent DBRs 330 and 332, respectively. 

The quantum-Well structure 106 is composed of at least 
one quantum-Well layer of a quantum-Well layer material 
that includes indium gallium arsenide antimonide in Which 
the indium fraction is equal to or greater than Zero, and a 
corresponding number of barrier layers. Each of the barrier 
layers is composed of barrier layer material that includes 
gallium and phosphorus. The barrier layer material has a 
conduction-band energy level greater than the conduction 
band energy level of the quantum-Well layer material and 
has a valence-band energy level less than the valence-band 
energy level of the quantum-Well layer material. 

Typically, dopants are not added to the quantum-Well 
layer material and the barrier layer material When the 
quantum-Well layer and the barrier layers are groWn. Details 
of the quantum-Well structure, the quantum-Well layer and 
the barrier layers are described above and these elements 
Will therefore not be described again here. 

After the layer structure composed of the substrate 302, 
the substrate-side DBR 330, the active layer 104 and the 
remote-side DBR 332 has been fabricated, part of the 
remote-side DBR 332 is etched aWay to form the mesa 338. 
A current con?nement structure is formed in the mesa. For 
example, ions may be selectively implanted into the mesa to 
decrease the conductivity of the mesa in all but a small, 
substantially central, conductive region. The conductivity of 
the mesa remains substantially unchanged in the conductive 
region. 

In the example shoWn, hoWever, the current-con?nement 
structure is formed by exploiting the dependence of the 
oxidation rate of AlGaAs on the aluminum fraction of the 
AlGaAs. When the remote-side DBR 332 is groWn, at least 
one of the layers of AlGaAs is groWn With an aluminum 
fraction substantially higher than that of the remaining 
layers of AlGaAs. For example, the high-aluminum fraction 
layer may have an aluminum fraction greater than about 0.9 
When the remaining layers of AlGaAs have an aluminum 
fraction of in the range from about 0.75 to about 0.85. An 
exemplary high-aluminum fraction AlGaAs layer is shoWn 
at 346. Then, after formation of the mesa 338, the VCSEL 
is heated in an oxidiZing atmosphere, such as an atmosphere 
With a high Water vapor content. The oxidiZing atmosphere 
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oxidiZes the exposed areas of all the layers of AlGaAs, the 
oxidation progressing radially inWards from the side of the 
mesa. HoWever, oxidation progresses substantially faster in 
the high-aluminum fraction AlGaAs layer 346 than in the 
remaining AlGaAs layers. At the end of the oxidation 
process, almost all of the high-aluminum fraction AlGaAs 
layer is oxidiZed to form a Wide annular region of aluminum 
oxide surrounding the conductive region 348. Aluminum 
oxide has a substantially loWer electrical conductivity than 
doped AlGaAs. The high-aluminum AlGaAs remains unoxi 
diZed in the conductive region 348 so that the optical and 
electrical properties of the conductive region remain sub 
stantially unchanged. The remaining AlGaAs layers are 
oxidiZed only in a narroW annular region at their peripheries. 
The area of the conductive region, e.g., 348, de?ned by 

ion implantation, oxidation or otherWise, is small compared 
With that of the mesa 338. During operation of the VCSEL 
300, the laser current is con?ned to the conductive region, 
Where it achieves a very high current density. The laser 
current enters the active region 104 from the conductive 
region. Current spreading is relatively small so that the 
current density is also very high in the active region. The 
very high current density loWers the threshold current of the 
VCSEL. 
The substrate-side contact layer 340, composed of at least 

one layer of metal, is deposited on the surface of the 
substrate 302 remote from the substrate-side DBR 330. The 
remote-side contact layer 342 is deposited on the exposed 
surface of the remote-side DBR 332 and is patterned to 
de?ne the light exit port 344. The light exit port is radially 
aligned With the conductive region 348. The remote-side 
contact layer is composed of at least one layer of metal, and 
may additionally include at least one layer of highly-doped 
semiconductor material to reduce the contact resistance 
betWeen the metal layer and the remote-side DBR 332. 

FIG. 6 shoWs the edge-emitting laser (EEL) 400 incor 
porating a quantum-Well structure according to the inven 
tion. The EEL is composed of the active layer 104 epitaxi 
ally groWn on the substrate 402. In a preferred embodiment, 
the semiconductor material of the substrate is single-crystal 
gallium arsenide. 
As described above, the active layer 104 is composed of 

the substrate-side cladding layer 112, the quantum-Well 
structure 106 and the remote-side cladding layer 120. The 
substrate-side cladding layer, the quantum-Well structure 
and the remote-side cladding layer are epitaxially groWn, in 
order, in the substrate 402. The cladding layers 112 and 120 
are doped to have opposite conductivity types. 
The quantum-Well structure 106 is composed of at least 

one quantum-Well layer of a quantum-Well layer material 
that includes indium gallium arsenide antimonide in Which 
the indium fraction is equal to or greater than Zero, and a 
corresponding number of barrier layers. Each of the barrier 
layers is composed of a barrier layer material, Which is a 
Group III—V semiconductor that includes gallium and phos 
phorus. The barrier layer material has a conduction-band 
energy level greater than the conduction-band energy level 
of the quantum-Well layer material and has a valence-band 
energy level less than the valence-band energy level of the 
quantum-Well layer material. 

Typically, dopants are not added to the quantum-Well 
layer material and the barrier layer material When the 
quantum-Well layer 116 and the barrier layers 114 and 118 
are groWn. Details of the quantum-Well structure, the 
quantum-Well layer and the barrier layers are described 
above With reference to FIGS. 3A, 3B and 4, and these 
elements Will therefore not be described again here. 
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The layer structure composed of the substrate-side clad 
ding layer 112, the quantum-Well structure 106 and the 
remote-side cladding layer 120 is selectively etched to 
de?ne the ridge structure 438. The ridge structure extends 
part-Way into the thickness of the substrate cladding layer 
112. 

The contact layer 440 is located on the surface of the 
substrate-side cladding layer 112 exposed by the etching 
process. The contact layer 442 is located on the surface of 
the remote-side cladding layer 120. 

The EEL additionally includes the cleaved facets 452 and 
454 that provide re?ective surfaces that de?ne the ends of 
the optical cavity additionally de?ned by the ridge structure 
438. 

FIG. 7 is a side vieW shoWing part of a practical example 
of the layer structure 500 from Which the EEL 400 can be 
fabricated. In the example shoWn, the quantum-Well struc 
ture 506 is a double quantum-Well structure composed of 
tWo quantum-Well layers and three barrier layers. In the 
example to be described, the barrier layer material is InGaP. 

In the layer structure 500, the substrate 402 Was a 350 
pm-thick Wafer of 1-0-0 n-type GaAs. The GaAs of the 
substrate Was doped n-type With silicon in the range from 
2—4><1018 atoms cm_3. 

The 500 nm-thick buffer layer 560 of n-type GaAs Was 
groWn on the substrate. The GaAs of the buffer layer Was 
doped With silicon at about 2><1018 atoms cm_3. 

The 1.2 pm-thick substrate-side cladding layer 112 of 
n-type Al0_45GaO_55As Was groWn on the buffer layer 560. 
The AlGaAs of the substrate-side cladding layer Was doped 
With silicon at about 5><1017 atoms cm_3. 

The 30 nm-thick substrate-side barrier layer 114 of 
InO_49GaO_51P Was groWn on the substrate-side cladding layer 
112 

The 8 nm-thick quantum-Well layer 116 of GaAsO_65SbO_35 
Was groWn on the substrate-side barrier layer 114. 

The 30 nm-thick additional barrier layer 562 of 
InO_49GaO_51P Was groWn on the quantum-Well layer 116. 

The 8 nm-thick additional quantum-Well layer 564 of 
GaAsO_65SbO_35 Was groWn on the additional barrier layer 
562. 

The 30 nm-thick remote-side barrier layer 118 of 
InO_49GaO_51P Was groWn on the additional quantum-Well 
layer 564. 

During groWth of the layers constituting the quantum-Well 
structure 506, no dopants Were added to the GaAsSb of the 
quantum-Well layers or to the InGaP of the barrier layers. 

The 1.2 pm-thick remote-side cladding layer 120 of 
p-type AlO_45GaO_55As Was groWn on the remote-side barrier 
layer 118. The AlGaAs of the remote-side cladding layer 
Was doped With carbon at about 5><1017 atoms cm_3. 

The 200 nm-thick contact layer 566 of p-type GaAs Was 
groWn on the remote-side cladding layer 120. The GaAs of 
the contact layer Was doped With carbon at about 2><1019 
atoms cm_3. 

The groWn layers Were groWn by metalorganic chemical 
vapor deposition (MOCVD). Precursors for aluminum, 
gallium, indium, phosphorus, arsenic, carbon and silicon are 
knoWn in the art. Suitable precursors for antimony include 
trimethylantimony and triethylantimony. Most of the layers 
are groWn at conventional groWth temperatures, i.e., at 
temperatures betWeen 550° C. and 650° C. The cladding 
layers of AlGaAs Were groWn at a temperature in the range 
from about 560° C. to about 600° C. and the quantum-Well 
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layers of GaAsSb Were groWn at about 480° C. The groWn 
layers may alternatively be groWn by molecular beam epi 
taxy (MBE) or another suitable process. 

In the layer structure 500 just described, gallium arsenide 
phosphide With a phosphorus fraction of about 0.25, i.e., 
a=0.25 in GaAs1_aPa, may be used as the barrier layer 
material instead of InGaP. 
The layer structure 500 just described may also form the 

basis of a layer structure from Which the VCSEL 300 shoWn 
in FIG. 5 can be fabricated. A substrate-side DBR (not 
shoWn in FIG. 7, but corresponding to substrate-side DBR 
330 shoWn in FIG. 5) composed of about 20.5 layer pairs, 
each composed of an approximately 95 nm-thick layer of 
n-type GaAs and an approximately 100 nm-thick layer of 
n-type AlGaAs, is groWn on the buffer layer 560. 
The substrate-side cladding layer 112 is then groWn on the 

substrate-side DBR, folloWed by the active layer 506 and the 
remote-side cladding layer 120. The cladding layers are 
designed so that the cavity composed of the cladding layers 
112 and 120 and the active region 506 has a thickness equal 
to one Wavelength of the light generated in the quantum Well 
structure in the material of the cavity. 

Then, after the remote-side cladding layer 120 has been 
groWn, a remote-side DBR (not shoWn in FIG. 7, but 
corresponding to remote-side DBR 332 shoWn in FIG. 5) 
composed of about 15.5 layer pairs, each composed of an 
approximately 95 nm-thick layer of p-type GaAs and an 
approximately 100 nm-thick layer of p-type AlGaAs, is 
groWn on the remote-side cladding layer. The cap layer 566 
is then groWn on the remote-side DBR. 

In the AlGaAs layers constituting part of the substrate 
side and remote-side DBRs, the aluminum fraction is typi 
cally in the range from about 0.75 to about 0.85. The speci?c 
Al fraction and thickness of the AlGaAs layers depends 
upon Wavelength of the light generated on the quantum Well 
region. At least one of the AlGaAs layers may be groWn With 
a higher Al fraction than the remaining AlGaAs layers to 
enable a current-con?nement structure to be formed in the 
VCSEL, as described above. 
The remote-side DBR may alternatively be composed of 

a substantially smaller number of layer pairs each composed 
of a layer of a loW refractive index dielectric material such 
as silicon dioxide and a layer of a high refractive index 
dielectric material such as silicon nitride. In this case, the 
remote-side DBR is not electrically conductive, and an 
electrical connection is made to the remote-side cladding 
layer 120. 
The layer structure 500 just described may also be fab 

ricated on an InP substrate to make a layer structure from 
Which an EEL operating in the 1.55 pm Wavelength range 
can be made. 

In an embodiment of the layer structure 500 based on InP, 
the substrate 402 Was a Wafer of InP doped n-type With 
sulfur atoms at about 2x18 atoms cm_3. 
The 200 nm-thick buffer layer 560 of n-type InP Was 

groWn on the substrate. The InP of the buffer layer Was 
doped With silicon or sulfur in the range from about 1><1018 
atoms cm'3 to about 2><1018 atoms cm_3. 
The 1.5 pm-thick substrate-side cladding layer 112 of InP 

Was groWn on the buffer layer 560. The InP of the substrate 
side cladding layer Was doped With silicon or sulfur at about 
1><1018 atoms cm_3. 
A 1 pm-thick substrate-side con?nement layer (not 

shoWn) of InGaAsP having a bandgap corresponding to the 
emission Wavelength Was groWn on the substrate-side clad 
ding layer 112. 
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The 30 nm-thick substrate-side barrier layer 114 of 
InO_85GaO_15P Was grown on the substrate-side con?nement 
layer. 

The 8 nm-thick quantum-Well layer 116 of GaAsO_51SbO_49 
Was grown on the substrate-side barrier layer 114. 

The 30 nm-thick additional barrier layer 562 of 
InO_85GaO_15P Was groWn on the quantum-Well layer 116. 

The 8 nm-thick additional quantum-Well layer 564 of 
GaAsO_51SbO_49 Was groWn on the additional barrier layer 
562. 

The 30 nm-thick remote-side barrier layer 118 of 
InO_85GaO_15P Was groWn on the additional quantum-Well 
layer 564. 
A 2 pm-thick remote-side con?nement layer (not shoWn) 

of InGaAsP having a bandgap corresponding to the emission 
Wavelength Was groWn on the remote-side barrier layer 118. 

During groWth of the con?nement layers (not shoWn) and 
the layers constituting the quantum-Well structure 506, no 
dopants Were added to the materials of these layers. 

The 1.5 pm-thick remote-side cladding layer 120 of 
p-type InP Was groWn on the remote-side con?nement layer. 
The InP of the remote-side cladding layer Was doped With 
Zinc at about 2><1018 atoms cm_3. 

The 50 nm-thick contact layer 566 of p-type InGaAs Was 
groWn on the remote-side cladding layer 120. The InGaAs of 
the contact layer Was doped With Zinc in a range from about 
1><1019 atoms cm'3 to about 2><1019 atoms cm_3. 
The long-Wavelength photonic devices according to the 

invention have a number of advantages over conventional 
long-Wavelength photonic devices. Using InGaAsSb (InZO) 
as the material of the quantum-Well layer together With 
barrier layers of a barrier layer material that includes gallium 
and phosphorus and that has a conduction-band energy level 
greater than the conduction-band energy level of the 
quantum-Well layer material and a valence-band energy 
level less than the valence-band energy level of the 
quantum-Well layer material provides the quantum-Well 
structure With a Type-I heterostructure. The Type-I hetero 
structure provides the photonic device With a high quantum 
ef?ciency and a loW threshold current and makes the Wave 
length properties of the photonic device substantially inde 
pendent of operating current and temperature. 

Epitaxial groWth techniques for groWing GaAs can easily 
be adapted to groW GaAsSb and InGaAsSb. High purity 
antimony sources, such as trimethylantimony (TMSb) and 
triethylantimony (TESb) are readily available from many 
different vendors. These antimony sources exhibit extremely 
loW levels of contaminants such as oxygen and moisture and 
therefore enable high-purity epitaxial layers of GaAsSb and 
InGaAsSb to be groWn. 

Moreover, in the long-Wavelength photonic devices 
according to the invention, the barrier layer material can be 
formulated to provide strain compensation betWeen the 
quantum-Well layer material of the quantum-Well layer and 
a GaAs substrate. GaAs substrates are the largest, cheapest, 
most readily available and have the largest number of Wafer 
orientations available of all the compound semiconductor 
substrates. 

In long-Wavelength photonic devices according to the 
invention that are VCSELs, the above-described active layer 
can be used With both n-type and p-type GaAs/AlGaAs 
distributed Bragg re?ectors (DBRs). AlGaAs/AlGaAs DBR 
technology is a mature technology. Techniques for fabricat 
ing AlGaAs/AlGaAs DBRs With loW resistance, loW optical 
loss and high re?ectivity are Well knoWn in the art. 
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Moreover, DBRs of GaAs/AlGaAs groWn on a GaAs sub 
strate obviate the need for lattice matching during groWth of 
the layer structure. This makes the layer structure relatively 
easy to fabricate. Moreover, processes are Well knoWn in the 
art for Wet and dry etching, planariZing, contact forming, ion 
implanting, selective oxidation, etc. in devices that are 
groWn on GaAs substrates and use GaAs/AlGaAs DBRs. 
These processes can easily be extended to fabricate device 
structures that include GaAsSb quantum-Well layers. 

This disclosure describes the invention in detail using 
illustrative embodiments. HoWever, it is to be understood 
that the invention de?ned by the appended claims is not 
limited to the precise embodiments described. 
We claim: 
1. A long-Wavelength photonic device, comprising an 

active region including: 
at least one quantum-Well layer of a quantum-Well layer 

material comprising InyGa1_yAsSb in Which yZO; and 
a corresponding number of barrier layers With Which the 

at least one quantum Well layer is interleaved, each of 
the barrier layers of a barrier layer material including 
gallium and phosphorus, the barrier layer material 
having a conduction-band energy level greater than the 
conduction-band energy level of the quantum-Well 
layer material and a valence-band energy level less than 
the valence-band energy level of the quantum-Well 
layer material. 

2. The long-Wavelength photonic device of claim 1, in 
Which the barrier layer material is selected from the group 
consisting of InGaP, AlInGaP, GaAsP, AlGaAsP, InGaAsP, 
AlInGaAsP and AlInGaAsPSb. 

3. The long-Wavelength photonic device of claim 1, in 
Which: 

the photonic device additionally comprises a substrate of 
GaAs; and 

the barrier layer material provides strain compensation 
betWeen the at least one quantum-Well layer and the 
substrate. 

4. The long-Wavelength photonic device of claim 3, in 
Which the quantum-Well layer material has an antimony 
fraction of about 0.35. 

5. The long-Wavelength photonic device of claim 1, in 
Which: 

the photonic device additionally comprises a substrate of 
InP; and 

the barrier layer material provides strain compensation 
betWeen the at least one quantum-Well layer and the 
substrate. 

6. The long-Wavelength photonic device of claim 5, in 
Which the GaAsSb of the quantum-Well layer material has an 
antimony fraction of about 0.49. 

7. The long-Wavelength photonic device of claim 1, in 
Which the active layer additionally includes cladding layers 
betWeen Which the at least one quantum-Well layer and the 
barrier layers are sandWiched. 

8. The long-Wavelength photonic device of claim 7, in 
Which the cladding layers are layers of AlGaAs. 

9. The long-Wavelength photonic device of claim 1, in 
Which the photonic device is structured to operate in a 1.3 
micrometer Wavelength range. 

10. The long-Wavelength photonic device of claim 1, in 
Which the photonic device is structured to operate in a 1.55 
micrometer Wavelength range. 

11. The long-Wavelength photonic device of claim 1, 
additionally comprising mirror layers betWeen Which the 
active region is located, at least alternate ones of the mirror 
layers being layers of AlGaAs. 
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12. The long-Wavelength photonic device of claim 11, in 
Which at least one of the layers of AlGaAs includes an 
annular oxide region providing a current con?nernent struc 
ture. 

13. The long-Wavelength photonic device of claim 11, in 
Which at least one of the mirror layers includes a bonded or 
deposited structure. 

14. The long-Wavelength photonic device of claim 13, in 
Which at least one of the mirror layers includes an oXide 
region. 

15. The long-Wavelength photonic device of claim 1, in 
Which the barrier layer material has a bulk lattice constant 
less than the bulk lattice constant of the quanturn-Well layer 
material. 

16. The long-Wavelength photonic device of claim 1, in 
Which: 

the indiurn fraction of the quanturn-Well layer material is 
greater than Zero; and 

the barrier layer material includes AlInGaAsPSb. 
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17. The long-Wavelength photonic device of claim 1, in 

Which the barrier layer material includes GaAs1_aPa in 
Which a is greater than a level beloW Which the conduction 
band energy level of the barrier layer material is not greater 
than the conduction-band energy level of the quanturn-Well 
layer material, and is less than a level above Which indirect 
recornbination occurs. 

18. The long-Wavelength photonic device of claim 1, in 
Which: 

the photonic device emits light at about 1.3 urn; and 
the barrier layer material includes InyGa1_yP in Which 

19. The long-Wavelength photonic device of claim 1, in 
Which: 

the photonic device emits light at about 1.55 urn; and 
the barrier layer material includes InyGa1_yP in Which 

* * * * * 


